Outer arm dynein (OAD) in cilia and flagella is bound to the outer doublet microtubules every 24 nm. Periodic binding of OADs at specific sites is important for efficient cilia/flagella beating; however, the molecular mechanism that specifies OAD arrangement remains elusive. Studies using the green alga Chlamydomonas reinhardtii have shown that the OAD-docking complex (ODA-DC), a heterotrimeric complex present at the OAD base, functions as the OAD docking site on the doublet. We find that the ODA-DC has an ellipsoidal shape ∼24 nm in length. In mutant axonemes that lack OAD but retain the ODA-DC, ODA-DC molecules are aligned in an end-to-end manner along the outer doublets. When flagella of a mutant lacking ODA-DCs are supplied with ODA-DCs upon gamete fusion, ODA-DC molecules first bind to the mutant axonemes in the proximal region, and the occupied region gradually extends toward the tip, followed by binding of OADs. This and other results indicate that a cooperative association of the ODA-DC underlies its function as the OAD-docking site and is the determinant of the 24-nm periodicity.
C ilia and flagella of eukaryotic cells are organelles that generate fluid flow on the cell surface and/or sense chemical or mechanical stimuli from the external environment (1) . Cilia/flagella beating is driven by outer arm dynein (OAD) and inner arm dyneins. The arrangement of dyneins on the axoneme has an overall periodicity of 96 nm, within which OAD binds every 24 nm; this 24-nm periodicity is completely conserved in essentially all eukaryotic organisms with "9 + 2" axonemes (2, 3) and even occurs in insect sperm flagella containing multiple rows of doublet microtubules arranged in a spiral configuration (4, 5) . OAD is best characterized in Chlamydomonas. It is a very large protein complex of ∼2 MDa, comprising 3 heavy chains, 2 intermediate chains, and 11 distinct light chains. Most of the subunits are conserved from protists to mammals (6) . OAD is the most abundant and most powerful axonemal dynein, generating about twothirds of the total propulsive force of ciliary beating (7, 8) . Human diseases due to ciliary motility defects [termed primary ciliary dyskinesia (PCD)] are caused most commonly by defects in OAD assembly (9) (10) (11) . The assembly process and the in situ structure of the OAD complex in the axoneme have been well studied (3, 12, 13) . However, the mechanism underlying the periodic binding of OAD to the doublet is poorly understood.
The outer dynein arm-docking complex (ODA-DC) has been identified as a complex that mediates OAD binding to the doublet (14, 15) . In the flagella of Chlamydomonas mutants (e.g., outerdynein-arm deficient oda6) retaining the ODA-DC but not OAD, the ODA-DC is observed by electron microscopy as a small projection linearly arrayed every 24 nm along the outer doublet (3, (14) (15) (16) (17) . It is composed of three subunits: DC1, ∼83 kDa, encoded by ODA3; DC2, ∼62 kDa, encoded by ODA1; and DC3, ∼21 kDa, encoded by ODA14 (18) (19) (20) , which assemble in the cell cytoplasm and are transported into the flagella independently of OAD (16) . DC1 and DC2 are coiled-coil proteins; they are essential for the OAD docking activity because mutants (oda1, oda3) lacking these proteins entirely lack OAD. In contrast, DC3 is a redox-sensitive Ca 2+ -binding protein and apparently is nonessential for OAD binding because a mutant (oda14) lacking it retains ∼40% of OADs (20, 21) . Presumably, DC3 has an as yet unidentified regulatory function. DC2 is well conserved throughout evolution, and seems to have undergone duplication in humans (CCDC63 and CCDC114) (22, 23) . Defects in CCDC114 are known to cause PCD and the patients lack outer dynein arms, suggesting that DC2 functions in OAD docking in humans also (22, 23) . The ODA-DC binds OAD via at least three interactions: one between DC1 and the OAD intermediate chain IC1, one between DC1 and the other OAD intermediate chain IC2, and one between DC2 and the OAD light chain LC7b (24, 25) . However, we still do not understand the architecture of the ODA-DC and the detailed manner of its binding to the doublet microtubules, which will be essential for understanding the molecular basis of OAD periodicity. In the present study, we analyzed the structure and microtubule-binding properties of the ODA-DC by using recombinant proteins as well as native
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Results and Discussion
Properties of Recombinant ODA-DC. Recombinant ODA-DC (which is hereafter referred to as "DC1-2-3" to distinguish it from the native ODA-DC isolated from the axoneme) was prepared by combining bacterially expressed DC3 (20) with the DC1-DC2-6×His complex produced by coexpression of these proteins in cultured Sf21 insect cells (25) , followed by purification on a Ni·NTA agarose column. The eluates contained DC1, DC2-6×His, and DC3, verifying that DC1-2-3 forms a single stable complex ( Fig. 1A) .
By several criteria, the structure and functional properties of DC1-2-3 are identical to those of the native ODA-DC extracted from oda2 axonemes. First, the stoichiometry of the three subunits in DC1-2-3 estimated from the band intensities in the SDS/PAGE gel (assuming that all subunits have the same affinity for Coomassie brilliant blue) was 1:1:1, which is the same as that of the native ODA-DC (19) . Second, the elution profile of DC1-2-3 from a gel filtration column is similar to that of the native ODA-DC, suggesting the structural similarity of the recombinant and native complexes ( Fig. 1B) . Third, DC1-2-3 rescued the phenotype of the oda3ida4 mutant (lacking the ODA-DC, OAD, and inner arm dyneins a, c, and d; nonmotile) when introduced by electroporation-mediated protein delivery: A few hours after introduction of proteins, ∼19% (n = 2,735) of cells became motile whereas all control cells (pulse applied without proteins) remained nonmotile (n = 862) (Movies S1 and S2). This motility recovery rate was much higher than when DC1-2 was used (<2%) (25) , suggesting that DC3 may stabilize the ODA-DC. Finally, when DC1-2-3 was added to isolated axonemes of the oda1 mutant lacking the ODA-DC and OAD ( Fig. 1D ), it bound to the correct site on the doublet microtubules as judged by thinsection electron microscopy; the addition resulted in the appearance of projections ( Fig. 1 E-G, arrows) identical to those observed in oda6 axonemes that lack ODA but retain the ODA-DC (Fig. 1C , arrows) (17) .
To obtain information about the shape of DC1-2-3, we carried out analytical ultracentrifugation and electron microscopy. Calculation of the molecular mass from the sedimentation velocity resulted in an estimate of ∼152 kDa ( Fig. 2A and Fig. S1 ). This value is close to the sum of the predicted molecular masses of DC1, DC2, or DC3 (∼167 kDa), providing further evidence that DC1-2-3 is a heterotrimer. Low-angle rotary shadowing electron microscopy after fixation with 0.1% glutaraldehyde revealed that DC1-2-3 takes on an ellipsoidal shape ( Fig. 3 A and B). The major axis length of these particles was normally distributed with a mean of ∼28 nm ( Fig. 3C ). Assuming that the thickness of the platinum coating was 2 nm on all sides, the actual mean length of DC1-2-3 is estimated to be ∼24 nm. . c(s) was converted to c(M) to estimate the molecular mass of DC1-2-3 to be ∼152 kDa. (B) There were two minor peaks in A; 2.74% of the solutes had an S value of 3.04S (64.5 kDa), which is close to the molecular mass of DC2 (62,204 Da). This peak most likely reflects DC2-6×His that was purified by Ni·NTA but did not form a complex with DC1 or DC3; 0.43% of the solutes had an S-value of 8.91S (325 kDa), which is close to twice the sum of the molecular masses of DC1, DC2, and DC3 (333,850 Da). This peak suggests that a small fraction of the DC1-2-3 complexes formed dimers.
End-to-End Association of ODA-DC on Outer Doublets. To examine subunit-subunit interactions either within the ODA-DC or between ODA-DCs, we used chemical cross-linking with 1,6-Bismaleimidohexane (BMH), a sulfhydryl-sulfhydryl cross-linker, under various conditions. First, we treated isolated oda6 axonemes with BMH; the crosslinked products were then solubilized and immunoprecipitated with anti-DC1 antibody. The SDS/PAGE pattern of the immunoprecipitates showed three or four major bands above the band of DC1. Mass spectrometry revealed that the band at ∼230 kDa contained peptides from only DC1 and DC2 ( Fig. 4A , arrow; and Fig. S2 ). Although the predicted molecular masses of DC1 and DC2 are 83 and 62 kDa, they migrate in SDS/PAGE with apparent masses of ∼105 and 70 kDa, respectively. Therefore, this product is most likely composed of one DC1 and two DC2 molecules (the combined molecular masses would be 207 kDa with an apparent mass in SDS/PAGE of ∼245 kDa). In support of this possibility, BMH reacts with Cys residues, and there are two Cys in DC1 and one Cys in DC2 (Fig. S2A) ; hence, DC1 can be cross-linked to two adjoining DC2s, and those DC2s then cannot be cross-linked to another protein. Western analysis of the high-salt extract from the cross-linked axonemes confirmed that the ∼230-kDa product contained both DC1 and DC2 but not αor β-tubulin ( Fig.  4B, arrow) .
Second, a mixture of DC1-2-3 and porcine brain microtubules was cross-linked with BMH. In Western analysis of the high-salt extract of the specimen, a band pattern similar to that in Fig. 4B was observed (Fig. 4C, arrow) . The resultant ∼240-kDa product reacted with anti-DC1 and -DC2 antibodies but not with antitubulin antibodies. Quantitative mass spectrometry of this product revealed that it was mostly composed of DC1 and DC2 and that the ratio of DC1 to DC2 was 0.6. Small amounts of DC3 (∼4%) and β-tubulin (<1%) were also present (Table S1 ). From these results, it seems most likely that this ∼240-kDa product contains one DC1 and two DC2s.
A band at ∼180-kDa was detected only by anti-DC2 antibody (Fig. 4C, arrowhead) . Mass spectrometry showed that the product was composed mostly of DC2 (with small amounts of DC1 (∼1%), DC3 (<1%), and β-tubulin (<0.1%) (Table S2 ). These results suggest that the ∼180-kDa band contains at least two DC2s. A similar ∼180-kDa band was also detected by the anti-DC2 antibody in cross-linked axonemes (Fig. 4B, arrowhead) , although its amount relative to other products was less than that in Fig. 4C . The difference may be due to the fact that binding of the ODA-DC is constrained to a specific site on the doublet microtubules, whereas it can bind to multiple sites around cytoplasmic microtubules. Intriguingly, upon cross-linking the DC1-2 complex with BMH in the absence of microtubules, a product containing one DC1 and two DC2s was also detected (Fig. 4D, arrow) . This result indicates that a small fraction of the DC1-2 complex dimerizes even in solution.
[The slight differences in apparent masses of the 1:2 complex of DC1-2 in Fig. 4 A-D might be caused by different gel sizes (SI Materials and Methods)]. Consistent with this idea, in the sedimentation distribution of DC1-2-3, there was a minor peak of ∼325 kDa, suggesting that a small fraction of DC1-2-3 forms dimers in solution (Fig. 2B) .
Because the sedimentation analysis ( Fig. 2) showed that the ODA-DC is a heterotrimer (i.e., containing only one molecule each of DC1, DC2, and DC3), the appearance of cross-linked products containing two DC2s indicates that ODA-DCs associate with each other on the doublet. Furthermore, these results also suggest that self-association of the ODA-DCs does not require the presence of axonemal components other than microtubules.
Quantitative Binding Assay. The apparent self-association of the ODA-DCs suggests potential cooperative binding to microtubules. To explore this possibility, we quantified ODA-DC-microtubule binding by assaying cosedimentation of DC1-2-3 with either porcine brain cytoplasmic microtubules or three kinds of Chlamydomonas axonemes: axonemes from wild type (in which the binding sites for the ODA-DC are fully occupied), from oda6 (∼70% occupied; Fig. S3 ), and from oda1 (all sites empty). The amount (B) of DC1-2-3 bound to microtubules and axonemes shows a dependence on the DC1-2-3 concentration that can be approximated by the Hill equation B = B max × F n /(K d + F n ), where F is the concentration of free DC1-2-3, B max is the saturated amount of bound DC1-2-3, n is the Hill coefficient (a measure of cooperativity), and K d is the apparent dissociation constant (Fig. 5A) . The saturated amounts of bound DC1-2-3 were in the order of cytoplasmic microtubules > oda1 axonemes > oda6 axonemes > wild-type axonemes, reflecting the availability of "empty" sites for the ODA-DC. From Scatchard plots of the data, the number of ODA-DCs that bind to a 24-nm segment of microtubule were estimated to be ∼0.46 for wild type, ∼0.71 for oda6, ∼1.3 for oda1, and ∼2.0 for cytoplasmic microtubules (Table 1 and Fig. S4 A-D) . We may consider the binding to wildtype axonemes as nonspecific and subtract this value from all data. With this correction the amount of ODA-DC bound to the oda1 axoneme would be close to 0.9, therefore ODA-DC binding to oda1 axonemes saturates at the wild-type level (in Isolated axonemes of oda6 were cross-linked with BMH, solubilized with SDS, and the solute subjected to immunoprecipitation using the anti-DC1 antibody. Because mass spectrometry revealed that the ∼230-kDa product contained only DC1 and DC2 peptides (Fig. S2) , the product is likely to be composed of one DC1 and two DC2s. (B) oda6 axonemes or (C ) cytoplasmic microtubules mixed with DC1-2-3 were chemically cross-linked with BMH and the products were analyzed by Western blotting using anti-DC1, -DC2, -DC3, -α-tubulin, and -β-tubulin antibodies. An ∼230-kDa product (arrow) was detected by anti-DC1 and -DC2 antibodies in both samples. Note that an ∼260-kDa product (presumably consisting of one DC1, two DC2s and one DC3) was also detected in both samples. (D) The DC1-2 complex in solution was chemically cross-linked with 1 μM BMH and the results analyzed in a Western blot probed with anti-DC1 and -DC2 antibodies. Two products (∼240 kDa and ∼190 kDa) were detected by both antibodies. Based on the apparent molecular weights of DC1 and DC2, it seems likely that the former is composed of one DC1 and two DC2s, and the latter is composed of one DC1 and one DC2.
Chlamydomonas, one of the nine doublets has no ODA-DC and OAD, hence the number of native ODA-DC molecules on wildtype axonemes is ∼0.9 per 24 nm) (26) . The results are consistent with the electron microscopy observations that the ODA-DC preferentially binds to a specific site on the doublet microtubules. This site presumably is specified by some additional structure(s) on the microtubules.
A previous study showed by electron microscopy of microtubule cross-sections that up to about four rows of dynein arms become attached to a cytoplasmic microtubule upon addition of high-salt extracts from axonemes (containing OADs and ODA-DCs) (27) . In contrast, in our experiments, the saturating amount of DC1-2-3 bound to microtubules was about two per 24 nm. Although the reason for this apparent discrepancy is not understood, it may be that the saturating level of DC1-2-3 was underestimated in our experiments because it was technically difficult to measure microtubule binding with high concentrations of DC1-2-3. Moreover, a mixture of OADs and ODA-DCs is likely to have a much higher microtubule-binding affinity than ODA-DCs alone, because the OAD intermediate chain IC1 binds directly to tubulin (28) (29) (30) ; in such a mixture microtubule binding would saturate at lower concentrations.
The dissociation constant between DC1-2-3 and oda1 axonemes was calculated to be 7.8 × 10 −9 , which is nearly 20 times lower than that between DC1-2-3 and cytoplasmic microtubules, 1.6 × 10 −7 (Table 1 and Fig. S4 A-D) . Therefore, the microtubule-ODA-DC affinity must be strengthened by yet unidentified factors on the doublet. The Hill coefficient of the binding curve was 2.8 for the oda1 axonemes and 1.4 for cytoplasmic microtubules, indicating that the binding is positively cooperative (Fig. S4 E and F) .
In Vitro Cooperative Binding to Microtubules Observed by Microscopy.
Cooperative binding between DC1-2-3 and microtubules could be directly observed by light microscopy. In the experiment shown in Fig. 5B , rhodamine-labeled cytoplasmic microtubules were mixed with different concentrations of Alexa-488-labeled DC1-2-3 and observed by fluorescence microscopy. At each concentration of labeled DC1-2-3, two classes of microtubules appeared: Microtubules in one class were fully decorated with DC1-2-3 along their lengths and those in the other class were totally devoid of decoration. Thus, the binding occurred in an all-or-none manner. The number of decorated microtubules varied with the DC1-2-3 concentration; ∼34% microtubules were decorated at 0.1 μM DC1-2-3, whereas ∼82% at 0.6 μM DC1-2-3. This concentration dependence is consistent with the binding curve ( Fig. 5A ) and confirms that binding occurred with high cooperativity.
ODA-DC Binding to Axonemes in Vivo. The process by which the native ODA-DC binds in vivo was observed by the immunofluorescence microscopy of Chlamydomonas zygotes. We first mated oda1oda6 with a transformant of oda1oda6 expressing HA-tagged DC2 to examine the manner of binding of DC2-HA to the oda1oda6 axonemes that initially lacked the ODA-DC. We found that the signal of DC2-HA first appeared in the proximal part and then proceeded to the distal part of the oda1oda6 flagella (Fig. 6A) .
The unidirectional extension of the bound portion indicates that newly transported ODA-DCs add next to preexisting ODA-DCs on the axoneme, supporting the hypothesis that binding of the ODA-DC to the axoneme is cooperative. In wild-type × oda1 zygotes, the progression of OAD binding to the axoneme, as monitored by the signal of the OAD intermediate chain IC2, was similar to that of DC2-HA (Fig. 6B ). Because the ODA-DC and OAD are transported separately within the flagellum (16), these results suggest that OAD can attach to the axoneme only where the ODA-DC is already bound. In contrast, in zygotes of wildtype × oda6, the IC2 signal rapidly reached the flagellar tip and, with time, its intensity increased evenly along the length of the flagellum (Fig. 6C) . A similar pattern of OAD recovery has previously been observed in wild-type × oda2 (31) . These data suggest that when OAD is transported into flagella that already have ODA-DC bound to the axoneme, OAD binds to the axoneme without any preferred position along the length. In other words, OAD binding on axonemes containing the ODA-DC does not proceed in a single direction; this is in strong contrast to the binding of OAD on mutant axonemes lacking the ODA-DC, which always proceeds from base to tip.
A Model for Construction of OAD Periodicity. Haimo et al. demonstrated that when a high-salt extract from Chlamydomonas wildtype axonemes is mixed with cytoplasmic microtubules, OAD orderly attaches to the microtubules with a periodicity of 24 nm (28) . The 24-nm periodicity and the ordered arrangement were thought to be produced by interaction of adjacent OADs, which are ∼24 nm long. However, it must be noted that a high-salt extract from the wild-type axonemes contains both OAD and ODA-DCs. Our present results suggest that the ODA-DC provides the basis for cooperative binding on the outer doublet. It is likely that the ODA-DC also was responsible for the ordered arrangement of OAD on the cytoplasmic microtubules. The data obtained in our present and previous studies lead to a model that explains the periodic arrangement of OAD on the outer doublet ( Fig. 7) . First, OAD and the ODA-DC are separately assembled in the cytoplasm and separately transported to the flagella (12, 16) . After entry into the flagella, the ODA-DC, 24 nm in length, starts binding to the appropriate site at the proximal end of the doublet microtubule. The ODA-DC molecules cooperatively bind to the doublet in an end-toend manner and establish a 24-nm periodicity. Subsequently, OAD binds to the outer doublet through its association with the ODA-DCs on the doublet, and this interaction is stabilized through the direct interaction of IC1 with the microtubule, thereby establishing the 24-nm periodicity in the OAD arrangement (24, 25, 29, 30) .
Our study suggests that the ODA-DC functions not only as the docking site for OAD, but that its self-association during its assembly onto the axoneme forms a scaffold of 24-nm periodicity that ensures the ordered assembly of the OAD along the doublet microtubule. If the ODA-DC bound to doublet microtubules independently of other bound ODA-DCs, then the 24-nm ODA-DC would be able to bind to any three longitudinally aligned tubulin dimers, which together span 8 × 3 nm. In such a case, there would be a high probability of producing a gap of one or two tubulin dimers between adjacent ODA-DCs and hence between adjacent OADs. Ultimately, such gaps would perturb the regular arrangement of OAD in the 96-nm axonemal repeat and disrupt interactions between OAD and inner arm dyneins that are necessary for the coordination of force generation by the different dyneins (2, 32) . The cooperativity in the ODA-DC binding would prevent such gap formation.
This study has yielded insight into the molecular mechanism that establishes the long-range periodicity of outer dynein arms along the doublet microtubules of the flagellar axoneme. A similar mechanism may underlie the periodic binding of other The fluorescence intensity of DC2-HA or IC2 in axonemes originally lacking those proteins was normalized respectively with that of oda1oda6::ODA1-HA (A, arrows) or wild-type (B and C, arrows) axonemes in the same dikaryon. (A) Binding of the HA-tagged ODA-DC proceeded from the proximal part of the oda1oda6 axoneme to the distal part. (B) Similarly, binding of OAD proceeded from proximal to distal in the oda1 axoneme. (C) In contrast, binding of OAD gradually increased over the whole length of the oda6 axoneme. The difference is that the ODA-DC was already present on the doublets of the oda6 axonemes but not on the doublets of the oda1 axonemes; hence, ODA assembly was constrained to follow the pattern of ODA-DC assembly in the oda1 axonemes. (D) Schematic diagrams illustrating patterns of labeling for the ODA-DC (green) and the OAD (shades of orange) in the experiments of A-C. Fig. 7 . A model for the ordered assembly of OADs based on the cooperative binding of the ODA-DC. The ODA-DC cooperatively binds to the outer doublet from the proximal part of the axoneme to the distal part. Subsequently OAD is arranged on the "rail" of the ODA-DC. The 24-nm periodicity of OAD is based on the size of the ODA-DC.
axonemal structures, such as the radial spokes and the projections of the central pair of microtubules.
Materials and Methods
Strains and Culture of Chlamydomonas Cells. A C. reinhardtii wild-type strain (CC124) and the following mutants lacking outer dynein arms (17) were used: oda1, with a mutation in the structural gene of DC2, lacking the ODA-DC (19) ; oda2, with a mutation in the structural gene of the OAD γ-HC, lacking OAD; oda6, with a mutation in the structural gene of the ODA intermediate chain IC2, lacking OAD (33) . Double mutants were produced by standard procedures (34) . All cells were grown in Tris·acetate·phosphate medium (35) with aeration at 25°C, on a 12:12 h light:dark cycle.
Generation and Purification of Recombinant DC1-2-3 and DC1-2. Bacterially expressed GST-DC3 (20) was purified with glutathione Sepharose 4B (17-0756-01; GE Healthcare,) and treated with PreScission Protease (27-0843-01; GE Healthcare) to cleave off GST. A mixture of GST-DC3 and protease was mixed with insect culture cell lysate containing DC1 and DC2-6×His produced by the baculovirus system (25), followed by purification on a Ni-NTA agarose column. (For DC1-2 purification, GST-DC3 was not added.)
See SI Materials and Methods for further information.
